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SUMMARY 


Examination of 29.37 m2 of thick aluminum plates from the Long Duration Exposure Mity^wWch 

Erickson and a direction thsmbution relative retire <j g )rjs model of Kessler , which 

p^ti,r“S^c^»ould be caused by man-made ^InSdlbn^tt 
analyses of impactor residue that will distinguish between meteoroids and man-made debns y 

available. 


INTRODUCTION 


For nearly six years the Long Duration Exposure Facility (LDEF) orbited the Ear* with 57 scientific 

experiments on board that ; "“'“^FwhUelt wasTn orbirSSeTOTSdMd Space' Debris Impact 
was no conununtcatiori wa^the^LDEF^wh le ^ ^b^ ofmll ny thick aluminum plates 

aluminum plates. 

In some places in dte literamre dtis experiment is refened to by a shortened title as the Space Debris 
Impact Experiment. 

Meteoroids are s ^^^^*^^^^^gy t ^nat^l^^clestlmt^are S ui orbit aboufthe sun. W ^° Se 

drawn fo^f, 

spacecraft as they speed toward the i atmosphere. ^ M dsta e meteoroid environment near 

since the beginning of space exploration. NASA has published m^res^ f tection agains , 

areteiportant Clues to the origin and evolution of the solar system. 
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w£ 3Ce dCbnS - S l he man " made material left in space as a result of our space activity It ranees in size 
from microscopic fragments created during explosions in space to large spent rockefmotors 2 Snmt man. 

made debris escaped the Earth's gravity but most was left in orbit about the Earth That space debris that 

“f* a ^° Ut ? e Earth is of ' concem as a Potential hazard to spacecraft. Large X ^^f debris aS 
, , cataloged and possible collisions with the Space Transportation System (STS) orbiter are 

checked for each mission so that evasive measures can be taken if necessary. Small pieces cannot be 

ofthe“T enC K° U ^ er K llke that ° f mete oroids, must ^ treated statistically. NASA now has a model 
of the man-made orbital debris environment (ref.4) to be used in hazard analysis. 

The Meteoroid and Space Debris Impact Experiment is directed at both the hazard of imnact Hamaw 
ttnd the nature of our solar system but this preliminary paper will deal primarily with the data most S 
applicable to the hazard, i.e. the number and location of the large crateVs. M with dfameters of 

den sity 1 and dis tti bu don arra md ^ h™ 5 S ^ t0P f ' ° f lips) haVC ^ examined and their number 

“ y . and distnbuuon around the spacecraft is the pnmary topic of this report. The study of smaller 

rpmLmed COmplete they ref6ITed l ° ° nly ^ No chemical of the ^aSi^Scles 

maintained a three-axis gravity-gradient stable orientation, which provided a new level of 

Esrth ^mce see «n LmEfrfmf and man ‘ made deb ™- In Previously obtained flight data in near- 
f t1 V space, see ret. 1, the number of meteoroid impacts was obtained but the orientation of the imnact site 

at the time of the impact was unknown. The number density of craters for the different fixed surface 
orientations provides a direct measurement of the degree to which the hazard to spacecraft bidirectional 
The variation in the number density of craters with surface orientation depends on the orbital distribution 
Sf P^K-; While the orbits of individual particles cannot be determined Jth this ex^rirnem 

di srt bud““°DE F Can CHeCkCd by SKi " g if they are in agreement with ^ craKr 

sirvhv pla,es donaled ,od,e LDEF Meteoroid and Debris Special Investigation Group (M&D 

SIG) by pnncipal investigators of other LDEF experiments were examined and the results are included in 

onSnlv Sleof theT^pTn d ^ holderS and cover P lates from hiTex^n 

Serin? 1 « d f ? LDEF from whlch the Meteoroid and Space Debris Impact Experiment plates were 

rnnr fr ? 1S c ° ntnbutlon « especially significant because that side of the LDEF received the greatest 
concentration of impact craters. William Berrios donated a thermal panel from the space-facinf end of the 


I DFF l ? CS that , cov ^ d two unused experiment compartments on the Earth-facing end of the 

LDEF were also examined and the results are included in this paper. S 


EXPERIMENTAL HARDWARE 


The Meteoroid and Space Debris Impact Experiment exposed 26.32 m2 of aluminum plate to the snace 
vironment. The plates were 4.8 mm thick and were made of aluminum alloy 6061-T6 P They had a P thin 
^Uh^co^," by ChromK ““ a "« ‘color b'ac/pain 6 , o MkE 

The location of the Meteoroid and Space Debris Impact Experiment plates on the LDEF is shown in 
fh S t! »° n§ Til* t i^ ° Ca d 0n ° f the other hardware examined in this study. The plates were mounted on 
;!“ 7 6 Cm deep ex “ p ‘ for "" ptes in Tra ? W. whtah the 
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Th- nineteen oerinheral trays that were totally dedicated to this experiment had two plates measunng 
n S= Be three peripheral trays that were shared with other experiments had 

or Earth-facing end of the LDEF. The three end trays each contained a single plate that was 0. y 
0.72 m. 

The plates donated by Wayne Slemp were from his B9 tray. They are amxiired aluminum 6061 -T6, 
facing end as the B9H plates, and those in the middle third as the B9M plates. 

wasarac^Tto^e space-f^n^e^o^e^D^and S ^^n^ge U t^”wTsb^u^wrap aropd^^corner 

Project Office and as H19 by the LDEF M&D SIG. 

The two dummy plates on the Earth-facing end were anodized aluminum (6061-T6), 2.3 mm thick. 

Each plate had an area of 0.90 m2. ° n ® S^Gby the M&D^IG. Y 

the LDEF M&D SIG, and the other as G21 -3 by the LDbP Project uince anu as vj j 


LDEF MISSION 


The LDEF was deployed by the STS-41C crew on April 7, 1984. It was initially placed in a near- 

SCS '"t had fal" altitude of 331 km. 

It was intended for the longitudinal axis of the spacecraft to be aligned with i its 
degree pitch irngle gave the space-facing end a slight view of the forwatd direction of flight. 


DESCRIPTION OF CRATERS 


The craters in aluminum on the LDEF look very much like onnpmtal ^ round 

mmrmrnm. 

was taken. 
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Most of the craters are round and symmetric, which is surprising considering that the impacting 

W ^ shape and must h “ k at ° b ^ of 

' vr ge craters are given in Table I. Three measurements, the diameter at the top of the raised lins th P 
depth, and the diameter at the plate surface, were made. The diameter at the plate surface is considered to 
be a more fundamental dimension than the diameter at the top of the raised lips but it is more difficult to 

T f DmeS i" li,eraturc authore p™ thelip diameter K2S Sn 
d Jf^ ete , r r ®f er .^ th 5 ^ameter at the surface of the plate, which some refer to as the true diameter 
and lip diameter" will refer to the diameter at the top of the nrised lips. diameter, 

N jj e of the craters “ Tab J e 1 were on die plates in the F3 tray. In general, the lowest impact speeds 
should occur on these plates because they are closest to the trading edge of the spacecraft and the particles 
must catch up to the spacecraft to strike them. Nine of the craters were on the FI 0 plates In general 
very high speed impacts should occur on these plates because they are close to the leading edee of the’ 
spacecraft where head-on collisions occur. Despite the fact that the extreme differences in Sact speed 
occur on the F3 and F10 plates, there is no noticeable difference in the shape of the craters. The other 
aterS Tab e 1 wei T. 0n tb f H5 P late ’ which was on the space-facing end of the LDEF where 

about 0 A h a11 thr p e , locations ’ die diameter of the craters at the plate surface is 

°-75 times the diameter at the top of the raised lips. The depth of the craters is about 0.5 times the 
diameter at the plate surface, i.e. the craters are nearly hemispherical. 

While the study of smaller craters, <0.5 mm lip diameter, on this LDEF experiment is not complete 
many small craters on the FI OH and H5 plates have been measured. Differencesfin the craters seem to be 
appearing at smaller sizes. Firstly, the small craters are not all round, i.e. they do not have a circular cross 

nWnna ° f ^.P 1 ^ About one P ercent of the craters measured to date on the FI OH phte are 

oblong with the shortest axis being less than 0.7 times the longest axis. On the H5 plate six to eight 

percent o e craters measured to date are that oblong. Secondly, the average depth-to-diameter ratio of 
the small round craters on the FI OH plate is greater than that of the large craters, being about 0 55 for 

IhnS m ^ as “ red to dat f th at have lip diameters between 0.1 mm and 0.5 mm, id about 0 63 for 
those that have lip diameters less than 0.1 mm. The small round craters on the H5 plate have the same 
average depth-to-diameter ratio as the large craters on that plate. 

, ,^ he £r Were no c [ aters on an y of die plates examined that penetrated through the entire thickness of the 
plate. The impact tint mated the largest crater on the Meteoroid and Space Debris SS tl 
4 mm crater on the F10H plate, produced a very short raised dome on Jhe back of th^Sif 
e dome was less than 25 microns high. It is not known if it is just the black paint that delaminated and 
had a ^ a . un ? plate [ s actually bulged. The two thinnest donated plates from Row 9 

1.6 mm thick thermal piel from the^aceS a^tice^ble 

NUMBER AND LOCATION OF CRATERS 


dia^Ir Z C n\ 532 CTaterS ° n ^eMeteoroid and Space Debris Impact Experiment plates that had a lip 
diameter of 0.5 mrn or greater. There were another 74 craters of that size on the other LDEF plates 
me uded in this study. The distribution of these 606 craters around the spacecraft is given in Table II 
The orientation of the plates on the sides of the LDEF is given by the angle betw^n dfeTp^rt velocity 
V 5 ct( ?*, and the norm al to the plate surface. The trays on each now are grouped together because the flux Y 
should be constant along a row for both meteoroids and man-made debris. The Sea of the plates is the 

.h?to,"mo^Trcmdeep “ ^ ShWding that occurs for f* P'“« that were mounted on 
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The variation in crater flux with plate location is shown in Fig 5. The cgerfln « tire .^density 

again. The variation in the measured crater flux on the sides of the LDEF exceeds a factor o . 

The error bars which are the 90 percent confidence limits calculated using the chi-squared distribution 

5E “consider and then, perhaps, it will be clear whether tire mcrease m the flux near the 
trailing edge is real. 

The data noints in Fig 5 are alternately from the south-facing and the north-facing side of the 
spacecraft. The smoothness of the data shows that there is a north/south symmetry in the particu a 
environment in the size range considered in this report. 

The flux on the space-facing end is about the same as it would be for a plate on the side of The : LDEF 
ftaUaces W de^eTfron, tire velocity vector and is abon. twice that for a plate on the stde factng 90 
degrees from the velocity vector. 

flux. 


COMPARISON WITH CURRENT NASA MODELS 
Meteoroids 


usedto calculate the number of craters that would be expected on a randomly tumbling LDE . 

^“l P - V e^iric U a feqL*on^ a sheet of ma.erial 

that can be completely penetrated by a panicle of mass m, in g, having a denstty p, in g/orf. when the 
impact speed is Vr, in km/s. 


t = K1 m .352 p l/6 Vr 875 


( 1 ) 


The coefficient Ki is a material constant equal to 0.54 for aluminum sheets. The model should ^provide 
excellent predictions of the penetration fluxes for thin sheets on randomly tumbling surfaces if the 
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ssr 

sheSXSS 

EfS=S?^S=SS^J 

c W o^e n sponXg^ Uatl0n PMion thickness is obtain ^, the model will have to be reused ’ 

With only modest expectations then, the average flux of craters with a lin diameter n fns mm 
greater was calculated for a hypothetical randomly tumbling LDEF, using the near-Earth meteoroid 
environment model tnref.l and the cm, er depth equation from refi, whirfo^alSSn^ptoe is 


P = 0.42 m-352 p l/6 Vr 2/3 


( 2 ) 


where m is the particle mass, m g, p is the mass density of the particle, ing/cm3 VristhesDeed in 

s^ e x075x s d r of a c r • h ^'-> 

shape seen m Table II. Using an average impact speed of 20 lom/s and an average^nals^Msfyto'" 
meteoroids of 0.5 g/cm 3 as suggested in ref. 1 , eq.2 gives a meteoroid mass of 7 Ox 10-7 g The 

fl ii , mete0r ° ldS ° f that maSS and § reater on a randomly tumbling spacecraft ^biting* an 
altitude of 477 km is, according to ref.l, 7.0 x 10-8 m -2 s -i. For the 29.37 m2 of aluminum plate 

pX,e«74 me^rokl craters. * '° 8 ' 5 dUrati0n ° f ' the WEF mission ’ ,hat nu * ■*»!» in a 


Man-made Orbital Debris 

the dTsrthMHon^f^h ■ mo f ie ! in reM is more detailed than the meteoroid model in ref. 1 . It gives 

tne velocity distnbution of debris relative to a spacecraft, both speed distribution and direction 8 

distribution, and therefore predicts a crater flux that varies with location on the spacecraft. 

This model gives the flux of man-made debris on a spacecraft as a function of particle diameter The 
model is based on radar and optical measurements of orbiting objects whore! Across seSSd 
op ca intensity is measured and converted to particle size, and on penetration and crater size data from 

tWe f S arned {r °Pl the Solar Max s P acecr aft where penetration thickness and crater dimensions for 
those impacts caused by man-made debns, were converted to particle diameter using empirical penetration 

Ma " made debris cra,ers were “ 

space-facing end, the Earth-facing end, or on the nailing edge. Because of *eTe de jee f^^S phch 
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angle, the space-facing end would be predicted to receive a small number of impacts. The flux of the man- 
made debris craters around the LDEF having diameters of 0.5 mm or greater, as predicted by the 
model in ref. 4, is shown in Fig. 6. Equation 3 was used to determine the mass of the debris required to 
make a 0.01 875 cm deep crater. It is identical to eq.2 except that the effect of the impact angle is 
included. 


P = 0.42 m- 352 p 1 / 6 Vr 2 / 3 (cos 0) 2 / 3 (3) 

The angle 0 is the impact angle measured from the normal to the surface. It is stated in ref. 3 that the crater 
depth depends on the impact angle, correlating with the normal component of velocity for impact angles 
within 60 degrees of the normal. While mentioned in the text in ref.3, this impact angle effect was not 
included in the equations presented. The use of the normal component of velocity to predict crater depth is 
common and may have been used to convert the Solar Max data to debris mass in the man-made orbital 
debris model. 

If the man-made orbital debris model is accurate, man-made debris must have created about one-fourth 
of the large craters on the Row 6 plates, about 1 1 percent of those on the Row 9 plates, and much less 
than one percent of the craters on the Row 3 and Row 4 plates. The variation in the crater flux with the 
location on the spacecraft predicted by the man-made debris model is quite different from that found on the 
LDEF. This further suggests that meteoroids do indeed dominate the particulate environment in this size 
range. The model predicts 94 man-made debris craters with a lip diameter of 0.5 mm or greater on the 
LDEF surfaces being considered in this study, which is 16 percent of the number actually found on the 
LDEF. 


Combined Models 


The total number of meteoroid and man-made orbital debris craters predicted by the models is 468. 
The calculated number is lower than the actual number on the LDEF, perhaps because the oriented 
surfaces considered in this study do not approximate well a randomly tumbling plate of equal area, thus 
producing an error in the calculation of the meteoroid flux, or perhaps because the crater depth equation 
and the penetration thickness equation do not provide the proper relationship between the crater size a 
particle can produce and the thickness of material it can completely penetrate. It is clear, however, that a 
different type of meteoroid model is needed, one that gives the variation in flux with surface location or 
orientation. 


NEW MODEL OF THE NEAR-EARTH METEOROID ENVIRONMENT 

Approach 


The deficiency in the current model of the near-Earth meteoroid environment (ref. 1) is that the 
directionality of the meteoroids is not defined. The first approach taken in establishing a new model was 
to assume that meteoroids would approach a stationary spacecraft from all directions not shielded by the 
Earth with equal probability; i.e. the directionality of the meteoroids is random. There is some theorencal 
basis for such an assumption. Kessler showed in ref.7 that, averaged over the entire Earth, the 
distribution of the angles at which meteoroids enter the atmosphere is random, and Zook argues in ref. 8 
that for a long mission, the LDEF mission in particular, a spacecraft is in so many positions relative to the 
Earth, and the Earth is in so many positions relative to the sun that a large portion of space is viewed and 
that meteoroids appear to approach the position of the spacecraft with random directionality when all 
impacts over the duration of the mission are taken together. 
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In the very first model tested here, it was assumed that meteoroids would approach a stationary 
spacecraft randomly from all directions in the half-space above the spacecraft horizontal plane, i.e. the 
plane through the spacecraft position that is perpendicular to the zenith/nadir line. When spacecraft motion 
was taken into account, the model predicted well the flux on all fourteen faces of the LDEF. 

However, when the model was expanded to include the regions of space below the horizontal plane 
that are not shielded by the Earth and its atmosphere, as it should be, agreement with the LDEF data was 
not quite as good. The flux predicted for the twelve sides of the LDEF was good but the flux predicted 
for the space-facing end was too low by more than 30 percent, which exceeds the 90 percent confidence 
limits for the data. It appears that the assumption of random directionality may not be completely accurate. 

No attempt was made to understand theoretically the cause of the discrepancy. But, in order to provide 
a model of the near- Earth meteoroid environment that does not underestimate the meteoroid flux on a 
space-facing surface, directionality distributions that are skewed toward the zenith were tested, even 
though they have no basis in theory. The zenith distance, z, is the angle measured from the zenith to the 
direction from which a meteoroid would approach a stationary spacecraft. Values of the distribution 
constant C for a zenith distance distribution function f(z) of the form 


f(z) = sin(Cz) 


(4) 


were tested to see if there was some value for which the model would accurately predict the fluxes on all 
fourteen faces of the LDEF. A value of 1.4 provided good agreement with the LDEF data. For a random 
distribution of meteoroid directions, C would have a value of one. When many more craters are included 
in the analysis, the random directionality will be re-examined, but for the time being, an artificial 
distribution of meteoroid directions is proposed for the new model of the near-Earth meteoroid 
environment. 

The new model retains the essential elements of the previous model, i.e. the size distribution, mass 
density, and gravitational enhancement of the meteoroid flux near the Earth. The Earth shielding factor 
found in ref.l and ref. 2 is not included as a separate factor because it is inherent in the directionality 
assumption. 

The spatial density of meteoroids, i.e. the number of meteoroids per unit volume, is a concept 
introduced in the interplanetary meteoroid environment model in ref.2 that is also used in this model. 
Spatial density can be inferred in ref.l from the flux and average velocity, but it was not developed there 
as a property of the meteoroid environment. 

The crater depth equation from ref.3, with the effect of impact angle included ( eq.3), is accepted here 
and thus becomes an integral part of this new near-Earth meteoroid environment model. 

Different meteoroid speed distributions, direction distributions, and spatial densities were examined 
and the combination that gave the best agreement with the crater flux found on the various faces of the 
LDEF was selected. 

It is assumed that the size distribution, speed distribution and the direction distributions of the 
meteoroids are all independent of each other. 

Some details of the proposed new model of the near-Earth meteoroid environment are given in the 
following five sections. 
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Directionality 


The probability density for meteoroids approaching a spacecraft position with a zenith distance, z, is 
taken to be 


f(z) = sin (1.4 z) 


0 ° 


128.6° 

/ I sin (1.4 z) dz 


0° <z< 128.6° 


( 5 ) 


f(z) = 0 


128.6° <z< 180° (6) 


The probability of meteoroids approaching a spacecraft from within 51.4 degrees of the 
spacecraft/Earth line becomes zero. Thus the Earth shielding is effectively constant for all altitudes above 
2000 km. For spacecraft below an altitude of 2000 km, the shielding from meteoroids provided by the 
Earth and its atmosphere, assumed to be 165 km high, varies with altitude. 

Two angles define the meteoroid directionality, the zenith distance is one, the azimuth is the other. The 
azimuth is the angle from a reference direction in the horizontal plane of the spacecraft. The probability 
density for meteoroids approaching a spacecraft with an azimuth, a, is independent of a and is 


f(a) = 1/360 


0° < a < 360° (7) 


Speed Distribution 


The speed distribution of meteoroids, as given in refs. 1,9,10 and 11, is the speed distribution of 
meteors observed in the Earth's atmosphere corrected to a constant meteoroid mass. It gives the fraction 
of the meteoroid flux on the atmosphere that is in various speed ranges. There is a bias in the 
observational data of meteors toward the faster meteoroids because they produce more easily detected 
radar and optical trails. As a result, smaller and more numerous meteoroids are observed at the higher 
velocities. The differences in the speed distributions from refs.1,9,10 and 1 1 are caused largely by the 
methods used to extract this bias from the data and get the speed distribution for constant mass 
meteoroids. 

Because the concept of spatial density is being used in this new model, the speed distribution of 
meteoroids in a volume of space is required, and that is different from the speed distribution of the 
meteoroid flux on the atmosphere. For a unidirectional flow of particles, the relationship between the 

spatial density, S, and the flux, <[>, on a surface perpendicular to the flow direction is 

<t> = S V (8) 


where V is the speed. Thus the speed distribution of meteoroids striking the atmosphere can be 
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transformed to the speed distribution of meteoroids in a volume of space just outside the atmosphere with 
the relationship 

f(V) = (f<D(V)/V)/ I f«}>(V)/V dV (9) 

yj 

where f(V) is the probability density for meteoroids in a volume of space having speed V, and f<)>(V) is the 
probability density for meteoroids striking the atmosphere with speed V. 

The speed distributions from refs.l,9,10,and 1 1 were tested in the new model. The speed distribution 
from ref.l has more high speed meteoroids than the others and does not give enough variation in crater 
flux around the LDEF, while the speed distribution in ref.9 has an abundance of very low speed 
meteoroids and gives too great a variation in crater flux. The speed distributions found to provide the best 
agreement with the crater distribution found on the LDEF are those proposed by Erickson (ref. 10) and by 
Kessler (ref.l 1). These independently derived distributions, which used different sets of meteor data, are 
nearly identical. A mathematical description of the Erickson speed distribution is given by Zook in ref. 12 
as 


f<t>(V) = 0.1 12 

11.1 <V< 16.3 km/s 

GO) 

f<t>(V) = 3.328 x 105 V-5-34 

16.3 < V < 55 km/s 

(11) 

f<t>(V) = 1.695 x 10- 4 

55 < V < 72.2 km/s 

(12) 


where f<j>(V) is the probability density for meteoroids entering the atmosphere with speed V, in km/s. 
These equations also describe the Kessler speed distribution. 


Density 


The mass density of 0.5 g/cm 3 for meteoroids, given in both ref.l and ref.2, is adopted for the new 
model. 


Gravitational Focusing 


The flux of meteoroids on a spacecraft is enhanced by gravitational focusing, so that the closer the 
spacecraft is to the Earth, the greater the meteoroid flux tends to be. In this new model, as in ref.2, the 
flux on a spacecraft is calculated, firstly, ignoring gravitational focusing, and then, that flux is multiplied 
by the gravitational enhancement factor, G, which from ref.2 is 


G = 1 + 0.76 (re/r) 


(13) 


where re is the radius of the Earth and r is the distance of the spacecraft from the center of the Earth. 
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Spatial Density and Size Distribution 


The spatial density of meteoroids used in the new model is 2.33 times the spatial density given in ref.2 
at 1 AU, thus preserving the size distribution of meteoroids inherent in the spatial density function. The 

spatial density, S, in no./m3, is therefore taken to be 

logioS = -17.775 - 1.584 logiom - 0.063 (logiom) 2 m < 10’ 6 g (14) 

logioS = -17.806 - 1.213 logiom m>10- 6 g (15) 


where m is the meteoroid mass, in g. 


Using the Model to Calculate Crater Flux 


Meteoroids that approach a spacecraft from some small region of space, with speeds in the small speed 
range around V, will produce a crater in an aluminum plate that is deeper than P, if their mass exceeds m, 
where 


m = P 2 -84 / ( (0.42)2-84 p .473 Vr 1.894 ( cos 0)1-894) ( 16) 


and where Vr is the relative speed between the spacecraft and the meteoroid and 0 is the impact angle on 
the plate relative to the normal to the plate surface. This is eq.3 with the terms rearranged. The spatial 
density of meteoroids of mass m and greater is obtained from eq.14 or eq.15. The flux of meteoroids of 
mass m and greater on the plate, and hence the flux of craters of depth P and deeper, from this small 
component of the meteoroid environment is 

A<() = G S Vr cos 0 f(z)Az f(a)Aa f(V)AV (17) 

where Az is the size of the zenith distance range and Aa is the size of the azimuth range of the region of 

space being considered, and AV is the size of the speed range being considered. The meteoroid velocity 
relative to the spacecraft, and relative to the Earth, both appear in this equation. 

The total flux of craters from the entire meteoroid environment is obtained by summing the 
contributions to the flux from all speed ranges and from all regions of space not shielded by the Earth. 
Care must be taken to make sure that the proper units are used in eq.17 where V has been expressed in 

km/s and S in m-3, and one must be converted to make the length units consistent. 


Comparison with the LDEF Data 


The crater flux predicted by the new near-Earth meteoroid environment model of this paper for the 
fourteen faces of the LDEF is shown in Fig.7. The agreement with the data is excellent with the exception 
of the face nearest the trailing edge. The disagreement for the Earth-facing end is not significant because 
the measured flux is based on only one crater. 
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Comparison with Pegasus Data 


While the LDEF provides the best data on meteoroid impacts on an orbiting spacecraft, some 
consideration should be given to the flight data used to form the original near-Earth meteoroid 
environment model in ref.l, particularly the data from the 406-micron-thick aluminum penetration 

detectors on the Pegasus satellite. The penetration flux for that detector was 5.6 x 10-8 penetration s/m2s 

(ref. 13). The value of 8.0 x 10-8 m^s- 1 that appears in ref.l is a hypothetical flux derived from the 
Pegasus data for the case of an Earth with a gravitational field but no size to shield the spacecraft from 
meteoroids. 

The accuracy with which the new near-Earth meteoroid environment model will predict the Pegasus 
penetration flux depends on the relationship between the penetration thickness equation selected and the 
crater depth equation that is an integral part of the new model. The equation used in ref.l to relate 
meteoroid properties to penetration thickness (eq.l) does not provide good agreement with the Pegasus 
data when used with the new model, see Table III. It overestimates the penetration flux because it uses 
the impact velocity instead of the normal component of the impact velocity. Modifying eq.l to include the 
effect of impact angle, improves the agreement somewhat but the penetration flux is still overestimated by 
a factor of 2.8, suggesting that the velocity dependence may be wrong. 

A new penetration thickness equation is proposed where the velocity dependence for complete 
penetration is assumed to be the same as that for crater formation at meteoroid impact speeds. It is 

t = K m-352 p!/6 Vr2/3 ( cos 0)2/3 (18) 


where K is a material constant that was determined to be 0.72 for aluminum by requiring that two 
conditions be satisfied. Firstly, eq. 1 8 must predict about the same penetration thickness as eq. 1 in the 
5 km/s to 8 km/s speed range because eq. 1 is an empirical equation derived from laboratory tests in that 
speed range. It agrees within 14 percent. Secondly, when eq.l 8 is used in the new near-Earth meteoroid 
environment model, the predicted flux for the Pegasus detector must be about the same as the measured 
flux. It agrees within 17 percent. 


DISCUSSION 


The new model of the near-Earth meteoroid environment predicts crater fluxes of 0.5 mm diameter and 
greater craters on the fourteen faces of the LDEF that are in good agreement with the measured fluxes, for 
the most part. The exception, for the face nearest the trailing edge, is taken to be the result of a statistical 
variation in the measured flux. 

The new meteoroid model accounts for all the craters found on the LDEF plates studied. No 
adjustment has been made to make the combined meteoroid and man-made debris models predict precisely 
the total number of craters found on the LDEF because the accuracy of the models is not expected to be 
near 16 percent, i.e. the contribution from man-made debris to the total flux. 
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^ the predicted crater flux on the space-facing end is 

1.9 x 10- 7 m^s* 1 . 

The fraction of the era, ere that were caused hr ^-made d tebris K n« known. d 

K“eWk b'S" nran-made debris environment predicts that the debris would 
createordy 16 percent of the craters found on the LDEF, it is enttrely plaustble. 
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Table I. Dimensions of twenty-seven large craters on the Meteoroid and Space Debris 
Impact Experiment plates from LDEF. 
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Table II. Location on LDEF of all large craters considered in this report. 



Table III. Calculated penetration flux for 406-micron-thick aluminum detectors on the Pegasus 

satellites using the new near-earth meteoroid environment model and various penetration 

CU llaLlUi J 


Penetration Equation 

Source 

Calculated Penetration Flux, 

t = 0.54 m 0352 p 1/6 v 0 875 

ref. 1 

3.29 x 10' 7 

t = 0.54 m 0 352 p 1/6 v 0875 (cos 0) 0 875 

ref. 1 (modified) 

1.56 x 10- 7 

t = 0.72 m 0 :352 p 1/8 v 2/3 (cos 0) 2/3 

this paper 

6.55 x 10‘ 8 
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Fig. 1 . Identification system used for the tray locations on the LDEF. The shaded areas show the 
g location of the Meteoroid and Space Debris Impact Experiment plates. The location of the 
thermal panel and dummy plates used in this study are also shown. 



Fig. 2. Tray B9 containing aluminum plates donated by Wayne Slemp to the LDEF M&D SIG that were 

examined and included in this study. 
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Fig. 5. Measured crater flux around the LDEF for craters with a lip diameter of 0.5 mm or greater. 



Fig. 6. Predicted crater flux from man-made orbital debris using the model in ref. 4 by Kessler, for 
craters with a lip diameter of 0.5 mm or greater. 
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Fig. 7 . Predicted crater flux from meteoroids using the new near-Earth meteoroid environment model 
proposed in this paper, for craters with a lip diameter of 0.5 mm or greater. 
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